v-To test the results of blood-brain barrier (BBB) disruption in the treatment of brain tumor, RG-C6 glioma was transplanted into the brains of rats. Intracarotid infusions of normal saline and hyperosmotic mannitol were then made, followed by intravenous injection of Evans blue dye plus albumin (EB, MW 68,000), horseradish peroxidase (HRP, MW 40,000), and 5-fluorouracil (5-FU, MW 130). Uptake of the drug and the consistency of drug levels in the normal brain and tumor varied widely among these three agents. Both EB and HRP penetrated the brain tumors but did not stain the normal brain tissues. After BBB opening, penetration of EB and HRP into the normal brain was drastically increased; however, the uptake of EB and HRP in the tumor was not increased. The concentration of 5-FU in the tumor was higher than that in the serum and, although it increased 1.5-fold after BBB opening, the increase was not statistically significant. Conversely, there was a progressive increase in concentrations of 5-FU in the tumor-free brain regions (p < 0.05). These observations suggest that an intracarotid infusion of hyperosmotic mannitol may increase neurotoxicity because it allows greater delivery of anticancer drugs into the normal brain tissue than into the tumor tissues.
T
HE normal blood-brain barrier (BBB) restricts entry of many large-molecular or ionic compounds into brain tissue. 5 The blood vessels of brain tumors are structurally altered and the capillary permeability in brain tumors differs from that of normal brain tissue. 1~ The altered BBB results in an increased rate of blood-to-tissue transport of substances into brain tumors compared to the normal brain. ~'7'~6 Nevertheless, clinically malignant brain tumors do not respond well to chemotherapy. The limited effect of chemotherapy on malignant brain tumors has been attributed to tumor cell insensitivity to drugs or to ineffectual drug delivery to the tumor)
Osmotic opening of the BBB by carotid perfusion with a hypertonic solution is one technique for increasing blood-to-tissue transport. This method was developed by~ Rapoport, et al., [25] [26] [27] and was extended to clinical use in brain-tumor patients by Neuwelt, et al. '4"8-2~ On the other hand, there may be an increase in drug delivery to normal brain tissue with this method. 8 '3,15 The effect of anticancer drugs on tumorfree brain tissue under conditions of osmotic BBB opening is not yet well understood. 21, 29 To study this problem, we administered Evans blue dye plus albumin (EB), horseradish peroxidase (HRP), and 5-fluorouracil (5-FU) to rats with intracerebrally transplanted RG-C6 glioma, and studied the effects on tumor and brain tissue under conditions of hyperosmotic BBB opening. The results of hyperosmotic BBB opening on braintumor chemotherapy and the possible neurotoxicity of the method are discussed.
Materials and Methods
Male Sprague-Dawley rats, each weighing 250 to 350 gm, were implanted with tumor cells from an RG-C6 glioma tumor cell line. 2 The RG-C6 tumor cells were kept frozen until use, then thawed and grown in Eagle's minimum essential medium with 10% fetal calf serum for 72 hours. Tumor cells (5 • 105 in 5 ~zl solution) were injected into the right cerebral hemisphere of the rats by means of a Hamilton syringe. The rats were considered ready for the experiment when they began losing weight or demonstrated neurological signs, usually 14 to 21 days after tumor inoculation.
The rats were anesthetized with intraperitoneal pentobarbital (50 mg/kg), and a PE-50 polyethylene catheter filled with 0.9% NaCI and 100 IU/ml sodium heparin was inserted into the right external carotid artery. Three ml of filtered 1.4-M mannitol at 37~ was infused retrogradely over 45 seconds into the internal carotid artery. The BBB has been reported to be reversibly opened by this infusion, with no associated tissue damage. 3~
Evans Blue Dye Study
In the first series of animals, EB 2% (2 ml/kg) was administered through the right femoral vein immediately after intracarotid mannitol injection. The rats were decapitated at 10, 30, or 60 minutes after the EB injection. After removal of the brain, staining of the cerebral hemisphere with EB was evaluated by direct visual observation and was graded as follows: 3~ Grade 0, no staining; Grade 1 +, faint localized staining; Grade 2+, light but extensive staining of the ipsilateral hemisphere only; and Grade 3+, extensive deep staining also involving part of the contralateral hemisphere. The brains were sliced coronally at the maximum diameter of the tumor. The intensity of tumor staining was also graded as follows: Grade 0, no staining; Grade 1+, just noticeable staining; Grade 2+, extensive light staining; and Grade 3+, extensive deep staining.
In control studies, EB 2% (2 ml/kg) was administered via the femoral vein after the rats had received an intracarotid injection of normal saline. These rats were also decapitated at 10, 30, or 60 minutes, or at 3, 6, 12, or 24 hours after the EB injection.
Horseradish Peroxidase Study
In the second series of animals, the same experiment was performed with HRP instead of E ~ Two animals that had not been given HRP were also examined to determine the endogenous peroxidase activity. A mixture of 1.25% giutaraldehyde and 0.4% paraformaldehyde in a 0.1-M sodium phosphate buffer solution at pH 7.4 was the fixative used. Horseradish peroxidase (20 rag/100 gm body weight) dissolved in 0.5 ml of isotonic saline was injected into the femoral vein. A glass cannula was inserted through the left ventricle and ligated at the ascending aorta. Whole-body perfusion fixation was performed under a pressure of 150 cm H20 for 15 minutes at room temperature, then the brains were removed, coronally sectioned, and investigated for the presence of tumors. These tissues were placed in the same fixative fur another 4 hours and then washed overnight in a 0.1-M sodium phosphate buffer (pH 7.4). They were sectioned at a thickness of 40 #m using a Vibratome* and were preincubated for 5 minutes at room temperature in a medium consisting of 10 ml of 0.05 M Tris and HC1 buffer (pH 7.6) and 5 mg of 3,3 '-diaminobenzidine tetrahydrochloride. These tis-* Vibratome manufactured by Oxford Laboratories, San Mateo, California. sues were incubated for 15 minutes in the same medium to which freshly prepared 0.01% hydrogen peroxide had been added. The 40-1zm thick sections were mounted on glass slides, evaluated by direct visual observation, and examined under a light microscope to determine the presence of vascular leakage. Some of the 40-tzm thick sections were postfixed with 1% OSO4, buffered with 0.1 M sodium phosphate for 2 hours, dehydrated in a graded series of ethanol, and embedded in Epon 812 for electron microscopic observations. The intensity of leakage of HRP in tumors and in the cerebral hemispheres was graded as in the EB study.
5-Fluorouracil Studies
In the third series of animals, 5-FU (30 mg/kg) and EB 2% (2 ml/kg) were administered through the femoral vein immediately after BBB opening and were allowed to circulate for 60 minutes before the rats were decapitated. In control studies, the same doses of 5-FU and EB were administered intravenously after intracarotid normal saline injection, and these rats were also decapitated 60 minutes after the injection. Just before decapitation, cerebrospinal fluid (CSF) was drawn from the cisterna magna and a serum sample was obtained from the polyethylene catheter inserted into the right femoral artery. The concentrations of 5-FU in the serum, CSF, intracerebral tumor, disseminated tumor, brain adjacent to the tumor, ipsilateral hemisphere, and contralateral hemisphere were determined according to the method of Marunaka, et al. H In addition, in normal male Sprague-Dawley rats, each weighing 250 to 350 gin, the concentrations of 5-FU in the serum, CSF, and ipsilateral and contralateral hemispheres were examined.
Results

Evans Blue Dye Study
The results of tumor staining after intravenous injection of EB to the control animals are shown in Table  1 staining was seen in all animals at 30 minutes and Grade 2+ staining was observed in 11 of 16 animals at 60 minutes. Grade 3+ staining was seen in 12 of 15 animals at 6, 12, and 24 hours (Fig. 1) . In very large tumors with massive central necrosis, the t u m o r tissue a r o u n d the necrosis tended to be stained earlier than the necrotic area itself. Staining o f the ipsilateral hemisphere was not observed in any animal. After BBB opening, staining o f the ipsilateral hemisphere was noted in all rats at 10, 30, and 60 minutes after injection o f EB (Table 1) . Staining o f t u m o r s was either unchanged or decreased c o m p a r e d to that o f the control animals (Fig. 2) .
As the t u m o r increased in size, staining o f the edem- 
Horseradish Peroxidase S t u d y
Only extracellularly located H R P reaction products were assessed to d e t e r m i n e the intensity o f leakage of H R P in tumors. In the t u m o r -b e a r i n g animals that had not received H R P , e n d o g e n o u s peroxidase activity was found only within the areas o f necrosis and hemorrhage. There was no extracellular peroxidase activity in the t u m o r s or in the brains o f animals that were not given H R P . T h e intensity o f leakage in the control animals is shown in Table 2 . The intensity o f leakage o f H R P in the t u m o r s reached a m a x i m u m at 60 minutes after the injection o f H R P (Fig. 3 ). The extracellular H R P reaction p r o d u c t extended to the brain adjacent to the t u m o r in some rats. N o a n i m a l showed extracellular H R P reaction product in the ipsilateral hemisphere. After BBB opening, extracellular H R P reaction p r o d u c t was observed in the ipsilateral hemisphere in all a n i m a l s at 10, 30, and 60 m i n u t e s after injection o f H R P (Table 2 ). There was no increase of leakage o f H R P in the t u m o r s (Fig. 4) .
Electron m i c r o s c o p i c e x a m i n a t i o n of the ipsilateral hemisphere 10 m i n u t e s after the injection o f H R P showed i n t e r j u n c t i o n a l pools between some endothelial * For grade of staining (0 to 3+) see text. HRP = horseradish peroxidase; BBB = blood-brain barrier.
cells filled with H R P reaction products. The reaction product was regularly f o u n d in the basal l a m i n a a n d extracellular spaces o f the surrounding neuropils. Vesicles were a b u n d a n t in the endothelial c y t o p l a s m o f the capillaries (Fig. 5) . O p e n i n g o f the tight j u n c t i o n s between c o n t i g u o u s endothelial cells or t r a n s e n d o t h e l i a l seepage due to increased vesicular activity have been considered m e c h a n i s m s related to BBB i m p a i r m e n t by
FIG. 5. Electron micrograph of the ipsilateral hemisphere 10 minutes after blood-brain barrier opening and intravenous injection of horseradish peroxidase. Reaction product is present in the endothelial vesicles (arrowheads), the basal lamina (BL), and the extracellular space of the surrounding neuropil (small arrows). Reaction product is also seen at the tight junction of the endothelial cells (large arrows). L = lumen, x 15,000. h y p e r o s m o l a r p e r f u s i o n . 4'6"9 T h e p r e s e n t s t u d y s h o w e d t h a t b o t h m a y b e p a t h w a y s t h r o u g h w h i c h H R P is e x t r a v a s a t e d f r o m t h e b l o o d t o t h e e x t r a c e l l u l a r fluid o f t h e b r a i n .
5-Fluorouracil Studies
T h e c o n c e n t r a t i o n o f 5 -F U d e t e r m i n e d 60 m i n u t e s a f t e r d r u g a d m i n i s t r a t i o n
i n t u m o r -b e a r i n g rats is s h o w n in T a b l e 3 a n d Fig. 6A . T h e c o n c e n t r a t i o n o f was significantly increased after BBB opening (p < 0.05), although the 5-FU value in the contralateral hemisphere was slightly decreased. It was difficult to obtain CSF from the tumor-bearing animals because of brain swelling.
-F U in t h e t u m o r w a s h i g h e r t h a n t h a t i n t h e s e r u m , b o t h w i t h a n d w i t h o u t m a n n i t o l . A l s o t h e c o n c e n t r a t i o n o f -E U in t h e t u m o r c l o s e l y c o r r e l a t e d w i t h t h a t i n t h e s e r u m (p < 0.05) (Fig. 7). A l t h o u g h t h e c o n c e n t r a t i o n o f -F U in t h e t u m o r w a s i n c r e a s e d 1.5-fold after B B B o p e n i n g , t h e r e w a s n o t a s t a t i s t i c a l l y s i g n i f i c a n t differe n c e c o m p a r e d w i t h t h a t o f t h e c o n t r o l g r o u p . O n t h e c o n t r a r y , t h e c o n c e n t r a t i o n o f -F U i n t h e ipsilateral h e m i s p h e r e a n d t h a t i n t h e b r a i n a d j a c e n t to t h e t u m o r
The concentration of 5-FU determined 60 minutes after drug administration in the normal male SpragueDawley rats is shown in Table 3 and Fig. 6B . After BBB opening, the concentration of 5-FU in the ipsilateral hemisphere was increased 5.9-fold (p < 0.05). The concentration of 5-FU in serum was slightly increased, and 5-FU values in CSF and the contralateral hemisphere were slightly decreased.
Discussion
Reversible BBB disruption by intracarotid infusion of hypertonic mannitol has been used in brain-tumor patients to increase the delivery of water-soluble chemotherapeutic drugs to the tumor, t4'2~ However, in e• brain-tumor models the value of hyperosmotic BBB disruption remains controversial. Neuwelt, et al., ~5 reported increased blood-to-tissue transport of methotrexate in avian sarcoma virus-induced gliomas after hyperosmotic BBB disruption in rats. However, Nakagawa, et al., 12 reported that intracarotid infusion of a hypertonic solution of L-arabinose did not increase the rate of delivery of water-soluble drugs to experimental RG-2 rat brain tumors.
Intracarotid infusion of hypertonic mannitol was also reported to disrupt the BBB in tumor-free brain tissue. 8J5 Tomiwa, et al., 29 reported the neurotoxicity of vincristine in the rat brain after osmotic opening of the BBB. In that study, the animals developed contralateral hemiparesis and choreoathetoid head motion within several days after drug injection. Microscopic changes such as neuronal intracytoplasmic eosinophilic inclusions in the early period, neuronal argyrophilic changes and axonal thickening with spheroid formation in the later period, and glial mitotic arrest were found. Thus, the efficacy and late neurotoxicity seen with this method have yet to be clarified.
In our study of BBB opening, the intensity of tumor staining with EB and leakage of HRP in the tumors were decreased compared to the control animals. However, the concentration of 5-FU in the tumor was slightly increased after BBB opening. On the other hand, the intensity of staining with EB, the leakage of HRP, and the concentration of 5-FU in the ipsilateral hemisphere were dramatically increased after BBB opening. These results suggest two possible reasons for the effect of intracarotid hyperosmolar mannitol infusion on the tumor-bearing rat brain. First, the capillaries in normal brain tissue are more sensitive to hyperosmolar mannitol than are those in the tumor. Second, altered regional cerebral blood flow (rCBF) caused by intracarotid hyperosmolar mannitol infusion results in differences in tissue staining and drug delivery.
Blood vessels in human and experimental brain tumors have a fenestrated discontinuous endothelium. This leads to an increased permeability to EB and HRP. 1'7'10'22"28'31 '32 On the other hand, Panther, eta/., 23 reported that vasoactive drugs such as adenosine and norepinephrine had selective effects on blood flow to the avian sarcoma virus-induced brain tumors in dogs. In their study, intravenously administered adenosine increased blood flow to the tumor more than twofold but did not alter flow to the normal brain. The different reactivities to drugs may relate to the different structures of the blood vessels in the tumor and normal brain.
In our study, as the tumor increased in size, the staining of surrounding edematous brain decreased and became irregular after BBB opening. It is assumed that the phenomenon may be related to rCBF. In the ethylnitrosourea-induced rat glioma, Yamada, et al., 33 noted that blood flow in brain tissue adjacent to mediumsized or large tumors was lower than that in normal brain tissue. It is likely that after intracarotid infusion a larger quantity of mannitol reached the brain area distant from the tumor than the area adjacent to it, thereby resulting in a wider opening of the BBB in the distant brain. Pappius, eta/., 24 reported that rCBF of the ipsilateral hemisphere in rats was decreased after intracarotid hyperosmolar mannitol infusion. In our study, there was a tendency toward decrease in staining of the tumor after as compared to before BBB opening. This finding might relate to a decreased rCBF to the tumors due to intracarotid hyperosmolar mannitol infusion. The concentration of 5-FU in the ipsilateral hemisphere drastically increased after BBB opening in both the normal and tumor-beating rat brains (p < 0.05), but the degree of increase in the normal rat brain was greater. The decreased rCBF due to brain edema associated with tumor has to be considered as a cause.
The concentration of 5-FU in the CSF of rats was slightly decreased after BBB opening. Neuwelt, et al., ~7 reported that the CSF concentration of monoclonal antibody, albumin, and rnethotrexate dramatically increased after BBB opening in dogs. Thus, the effect of intracarotid hyperosmolar mannitol infusion on the blood-CSF barrier is still not clear.
With regard to the BBB-opening experiments in animals, one should consider factors such as the structural abnormalities of tumor vessels, different reactivity of the vessels to drugs in brain tumor and normal brain., rCBF, the molecular weight of the agents, and characteristics of the drugs such as lipid-solubility. This study did not demonstrate any possible therapeutic efficacy of hypertonic BBB disruption by the intracarotid infusion of hyperosmolar mannitol in rats. This method did not significantly increase drug delivery to brain tumors and did suggest that increased neurotoxicity may occur in normal brain tissue. Clinical application of this method for patients with brain tumors is not supported by the results obtained in this study.
